Cardiovascular disease (CVD) and osteoporosis are major causes of morbidity and mortality in postmenopausal women. The relationship between atherosclerosis and osteoporosis has been established by studies of the underlying pathophysiological mechanisms and biochemical pathways that seem to overlap in many places. Pulse wave velocity (PWV) is one of the known predictors of cardiovascular and all-cause mortality. Studies indicate that PWV in hypertensive postmenopausal women is increased, and hormone replacement therapy (HRT) attenuates this increase. In addition, recently, many studies have suggested a role for arterial stiffness in the association between CVD and osteoporosis. From these findings, it appears that estrogen deficiency combined with production of inflammatory cytokines plays a role in increased PWV closely associated with CVD and osteoporosis, although the mechanisms of arterial stiffness in postmenopausal women may be more complex. Accordingly, a possible role for PWV as a surrogate marker of CVD as well as osteoporosis in postmenopausal women is discussed in this review. First, menopause leads to increased arterial stiffness with aging in females. Further, epidemiological data evaluating arterial stiffness assessed by PWV provided evidence that most of the established CVD risk factors are determinants of PWV, and these risk factors are increased in patients with CVD. In turn, contrary to expectation, HRT did not always contribute to a lower incidence of CVD in postmenopausal women. By reviewing the current data available, it becomes clear that, at present, the effects of menopause including HRT on PWV remain controversial, and further studies are needed to clarify these associations.
Introduction
It is well known that there is a difference between women and men across the life span with respect to the risk and prevalence of cardiovascular disease (CVD) and osteoporosis. With aging, the ratio of men to women regarding the incidence of CVD declines to approximately 2: 1 between the ages of 65 and 69 years, and to 1: 1 by the age of 85 years [1] . The incidence of CVD increases markedly in women after menopause [2] . Moreover, CVD and osteoporosis are major causes of morbidity and mortality in postmenopausal women [3] . Established surrogate markers of early CVD such as intima-media thickness, carotid-femoral pulse wave velocity (PWV) and adjusted augmentation index can be assessed by noninvasive and easily accessible methods, providing information regarding the cardiovascular function and the risk of an asymptomatic individual for future CVD events [4] . PWV is a known indicator and a highly reproducible measure of central arterial stiffness [5] . In addition, it is a predictor of cardiovascular and all-cause mortality [6] [7] [8] .
Recently, several studies have suggested a role for arterial stiffness in the association between CVD and osteoporosis. Accordingly, in this article we review the current data regarding the role of PWV in both CVD and osteoporosis in postmenopausal women.
Gender Differences in PWV
Several studies have reported that aging increases arterial stiffness similarly in both genders [9] . However, these studies included patients with hypertension, and it is well known that elevated blood pressure is an important determinant of PWV. In addition, the numbers of subjects in the previous studies were too small for chronological analysis of the influence of age on PWV. Therefore, it is clear that a rigorous conclusion about the influence of age on PWV could not be derived from those studies. Considering these factors, Tomiyama et al. [10] demonstrated that age is a more important determinant of brachial-ankle pulse wave velocity (baPWV) in females than in males, independent of blood pressure variables. Furthermore, baPWV increases in proportion to the square of increase in age starting around the age of 50-60 years in females. These findings suggest that menopause is an important factor influencing arterial stiffness in healthy female subjects. Some studies have demonstrated that estrogen has beneficial effects on arterial stiffness [11] . Tomiyama et al. [10] further proposed that atherosclerotic lesions progress independently in peripheral and central sites [12] . Arterial stiffness has been shown to reflect the change of arterial wall degeneration [5] . In the arterial tree, peripheral sites contain more muscular component and central sites contain more elastic component [13] . Both estrogen and androgen receptors have been demonstrated to be present in vascular smooth muscle cells [14] . Accordingly, it is possible that the influence of age on peripheral and central sites in the arterial tree is different in males and females. Besides, the heart-brachial PWV evaluates peripheral sites in the upper limbs and the baPWV evaluates peripheral sites in the lower limbs and central sites. While the chronological change in baPWV is more marked in females, the heart-brachial PWV is higher in males than in females at all ages. Thus, the augmentation of arterial stiffness with aging might be more prominent in central sites (aorta) and/or peripheral sites in the lower extremities in females.
Impact of Menopause on PWV
Several studies have examined the association between arterial stiffness and menopause. London et al. [9] , based on a cross-sectional study, concluded that menopause augments the age-related increase in arterial stiffness; however, the number of subjects in their study was too small. On the other hand, Smulyan et al. [15] reported, again based on a cross-sectional study, that structural changes of the blood vessels, rather than menopause itself, influenced age-related changes in PWV in women; however, they did not specifically consider the influence of menopause in their study. A study by Lebrun et al. [16] that examined a crosssection of postmenopausal women provided evidence that most of the established cardiovascular risk factors are determinants of aortic PWV. An increased PWV is a marker of an increased risk of stroke, coronary heart disease, and death within 10-12 years. Tomiyama et al. [10] reported that the augmentation of arterial stiffness with aging was more prominent in females than in males. They further demonstrated in a cross-sectional study that among many factors including menopausal status, hypertension, diabetes mellitus, hypercholesterolemia, and obesity, a significant relationship existed between menopause and PWV, independent of age and conventional atherosclerotic risk factors [17] . Similar findings showed that although there was a significant difference in baPWV between pre-and postmenopausal women, the mean baPWV of postmenopausal women in their 50s tended to be higher than that in premenopausal women of the same age. Moreover, the slope of the regression line for baPWV plotted against age was steeper in postmenopausal than in premenopausal women [18] ( fig. 1 ). These findings suggest that menopause causes an augmentation of the agedependent increase in arterial stiffness. Altogether, it is clear that menopause per se may increase aortic stiffness as determined by measuring baPWV.
Mechanisms of Arterial Stiffness in Postmenopausal Women
Studies have shown that, in parallel with a decreasing PWV in women receiving hormone replacement therapy (HRT), there was a decrease in total and low-density lipoprotein cholesterol in serum. There is evidence of an increase in the expression and secretion of proinflammatory cytokines, interleukin (IL)-1, IL-6, and tumor necrosis factor-α with a reduction in estradiol [19] . Activation of C-reactive protein (CRP) by these cytokines could inhibit the endothelium-dependent vasodilation and synthesis of nitric oxide. Furthermore, inflammation could adversely impact the vascular changes mediated by inflammation that are likely occurring because of a decline in estrogen as menopause progresses [20, 21] . Increases in vessel diameter due to stiffening induced by menopause could lead to an increase in tensile stress, which would make the vessel more susceptible to risk factors for increased inflammation [22] . The proatherogenic effect of testosterone is supported by experimental and in vitro studies. Androgen exposure is associated with increased adhesion of mononuclear cells to the vascular endothelium and oxidation of low-density lipoprotein by mononuclear cellderived macrophages [23] . Testosterone impairs the endothelium-dependent vasorelaxation in hypercholesterolemic rabbits [24] . Furthermore, testosterone has been associated with a decrease of the elastin-to-collagen ratio in aortic smooth muscle cell culture. Recent data have indicated that lower dehydroepiandrosterone sulfate (DHEAS) levels may be related to higher cardiovascular mortality in postmenopausal women with CVD risk factors undergoing coronary angiography for suspected ischemia [25] . Similar findings were reported by Creatsa et al. [26] who showed that lower levels of DHEAS are associated with increased arterial stiffness, because DHEAS has been widely associated with an antiproliferative effect by inhibition of important apoptosis pathways such as the 3-phosphoinositidedependent kinase pathway/nuclear factor of activated T-cells/hypoxia-inducible-factor axis [27] .
Regnault et al. [28] demonstrated that there is a link between vascular stiffening and several procoagulant and anticoagulant factors in postmenopausal women. Moreover, an important finding which is not explained by age per se is the positive relationship between circulating free tissue factor pathway inhibitor (TFPI) and arterial stiffness or pulse pressure (brachial or carotid). Circulating von Willebrand factor (vWF) is also associated with PWV, as previously reported, but the correlation disappeared after adjustment for pulse pressure.
The geometric and hemodynamic properties of a cylindrical arterial vessel are relatively easy to determine using noninvasive measurements. The vascular wall acts as a container of blood coagulation factors, which are classified either as procoagulants such as vWF or as anticoagulants such as TFPI [29] . In addition, it has been previously established that increased circulating vWF is consistently associated with endothelial dysfunction [30] . Although high TFPI might also indicate endothelial dysfunction [31] , recent work has suggested that TFPI levels in medial vascular smooth muscle cells may serve primarily to prevent arterial thrombosis and even intimal hyperplasia [32] . Therefore, an increase in arterial stiffness is associated with both changes in vascular wall status and the presence of a hypercoagulable state [15] . Altogether, the findings suggest that the vascular wall is a major contributor to the thrombotic response, in part via the production of vWF and TFPI [33] .
Effect of HRT on PWV
The expected effect of HRT to interrupt or delay the development of cardiovascular disorders in postmenopausal women has been confirmed in clinical studies [34] . However, despite circumstantial evidence showing the advantages of HRT in various clinical settings, the role of HRT in the prevention of CVD has not yet been clearly defined. Rajkumar et al. [11] demonstrated improved vascular compliance after HRT, showing simultaneously that it is associated with lower PWV in large elastic arteries. These observations were confirmed in a randomized study by Giraud et al. [35] . Also Nagai et al. [36] demonstrated that HRT has beneficial effects by reducing arterial stiffness by 21% compared with subjects not receiving HRT. These results are not in accordance with the results of Angerer et al. [37] and Teede et al. [38] who did not find improved vascular compliance after 1 year of HRT in their study populations except for women who smoked. This might relate to the fact that smoking reduces carotid arterial distensibility by about 33% [39] . Moreover, smoking activates sympathetic activity, increases vascular smooth muscle tension, and alters endothelial-dependent vasodilation. In a cross-sectional study of 18 women undergoing HRT and 16 controls, Tanaka et al. [40] noted no differences in PWV between the two groups. The study by Waddell et al. [41] showed a significant fall in femoro-dorsalis PWV 4 weeks after HRT cessation. Previously, Blacher et al. [42] reported that changes in PWV and pulse pressure were of similar magnitude in women with and without HRT also taking angiotensin-converting enzyme inhibitors. Similarly, Sumino et al. [43] demonstrated that transdermal estradiol therapy, but not oral conjugated equine estrogen (CEE) therapy, may have antiatherosclerotic effects by improving arterial stiffness; however, it was speculated that the reductions in baPWV may have been related to the direct effect of estrogen, but not to the decrease in estrogen-induced vascular inflammatory markers. In overweight postmenopausal women with type 2 diabetes, the aorto-femoral PWV remained unchanged after 6 months of oral CEE plus oral medroxyprogesterone acetate [44] . On the other hand, 12 months of continuous transdermal hormone substitution with 17β-estradiol (50 μg/day) and norethisterone acetate decreased the carotid-femoral PWV in postmenopausal women with arterial hypertension [45] . Gangar et al. [46] showed that 22 weeks of continuous transdermal estradiol (50 μg/day) plus cyclic medroxyprogesterone acetate (10 mg/day) reduced the pulsatility index of the internal carotid artery in normotensive postmenopausal women. Although there are differences in the dosage, type, and duration of the estrogen or progesterone treatments, the study populations, and the methods used to measure PWV between these studies and the study by Sumino et al. [43] , other studies support the findings of the latter authors. Oral CEE therapy had no effects on arterial stiffness but caused a reduction in monocyte chemoattractant protein-1 (MCP-1), cell adhesion molecules, total cholesterol and low-density lipoprotein cholesterol levels, and an increase in high-sensitivity CRP, matrix metalloproteinase-9, triglycerides, and high-density lipoprotein cholesterol levels in postmenopausal women. In contrast, transdermal estradiol therapy reduced arterial stiffness and the levels of MCP-1 and cell adhesion molecules but had no effect on lipids, high-sensitive CRP, and matrix metalloproteinase-9 levels in postmenopausal women. Westendorp et al. [47] demonstrated that 24 months of continuous CEE (0.625 mg/day) plus cyclic norgestrel (0.15 mg/day) did not change the distensibility or compliance of the common carotid artery in premenopausal women. Although many studies investigating the effects of HRT have been reported, it is clear that, at present, the effects of HRT on PWV as well as on CVD and osteoporosis remain controversial.
Effects of Hypertensive Therapy on PWV in Postmenopausal Women
Hayoz et al. [48] compared the effects of hypertensive therapy with either a calcium channel blocker (CCB) or an angiotensin receptor blocker (ARB) on PWV in postmenopausal women and found that both regimens reduced PWV to a similar degree after 38 weeks of treatment despite differences in central blood pressure lowering. These findings suggest that the effect of ARB on PWV is mediated through nonhemodynamic effects. Recently, Suzuki et al. [49] compared the effects of antihypertensive therapy of a combination in ARB plus a diuretic with an ARB plus a CCB on PWV in 55 postmenopausal women (average age 58 ± 6 years) for 5 years. Neither of the groups showed a difference in mean blood pressure before and after treatment (before treatment: ARB + CCB 150/82 ± 21/11 mm Hg and ARB + diuretic 151/81 ± 21/8 mm Hg and at the end of treatment: ARB + CCB 135/81 ± 17/8 mm Hg and ARB + diuretic 133/80 ± 24/11 mm Hg, compared with the treatment before; p < 0.05). The mean PWV of the group receiving ARB + diuretic was 1,513 ± 241 cm/s before treatment and 1,575 ± 289 cm/s after treatment, and that of the ARB + CCB group was 1,526 ± 241 cm/s before treatment and 1,546 ± 273 cm/s after treatment. There were no significant differences between the two groups. Ratios of blood pressure normalization of the ARB + CCB and ARB + diuretic groups were 92 and 89%, respectively [49] . Moreover, the effects of these two anti-hypertensive treatments on PWV did not produce any significant difference, indicating that both combination therapies are effective for treatment of hypertensive postmenopausal women.
Role of PWV in Postmenopausal Women with White-Coat Hypertension
Whether white-coat hypertension is benign or not still remains controversial. Pickering [50] analyzed 739 patients followed prospectively for an average duration of 5 years. The author found that the prevalence of cardiovascular morbid events was 2.1% in patients with white-coat hypertension and 4.4% in those with sustained hypertension. In postmenopausal women, irregularity and cessation of menstrual cycle induce psychological disturbances as well as physiological instability that affect blood pressure measurement producing the so-called white-coat hypertension. In clinical practice, it remains unknown whether or not white-coat hypertension can be considered a benign condition [51] . Moreover, although the majority of studies concluded that white-coat hypertension was not associated with a significantly increased prevalence of target organ damage [52] , some studies found an increased left ventricular (LV) mass in subjects with white-coat hypertension compared with normotensive controls [53] . Rudd et al. [54] reported that the prevalence of LV hypertrophy was significantly higher in subjects with white-coat hypertension than in normotensive subjects. In women who are diagnosed as having hypertension irrespective of white-coat effects or not, it is important to find LV hypertrophy or PWV increases. Based on these data, Suzuki et al. [55] evaluated arterial stiffness by using PWV in postmenopausal women who had blood pressure measurement both in an office setting and at home in conjunction with LV geometry [56] . Kuwajima et al. [56] and Sokolow et al. [57] observed that patients with no evidence of target organ damage had a greater difference between the clinic and home pressure measurements than patients with target organ damage. In agreement with previous findings, Suzuki et al. [55] reported that the LV mass index was significantly associated with systolic blood pressure at home but not in the office, indicating that self-reported blood pressure measurements are useful for the management of blood pressure in hypertensive patients. Moreover, there was a significant correlation between PWV and systolic blood pressure in postmenopausal women. PWV showed a greater increase with age independently of any increase in mean arterial pressure [58] ( table 1 ) . From these data, it appears that in postmenopausal women, adverse effects on the heart and arteries are not just caused by the elevated resistance and pressure per se, but by arterial stiffening and higher pulsatile stresses that result from elevated mean pressure. These findings have an important implication for the treatment of hypertension in postmenopausal women. The blood pressure at home, intensity of PWV, and index of LV mass should be measured and the strategy for antihypertensive treatment should be planned based on these data. It is therefore concluded that the combination of selfmonitoring of blood pressure, echocardiographic data, and PWV can be powerful indicators for the treatment of hypertension in postmenopausal women.
Close Association between Osteoporosis and Arterial Stiffness
In women, the incidence of osteoporosis increases markedly after menopause, with approximately 1 in 4 women over the age of 50 years exhibiting osteoporosis (National Osteoporosis Foundation 2007, National Institute of Health, Washington, D.C., USA; Osteoporosis Canada 2007, Toronto, Ont., Canada). Osteoporosis and atherosclerosis are chronic degenerative diseases with a high incidence in postmenopausal women. Some of the pathophysio-logical mechanisms and underlying biochemical pathways of these two diseases seem to overlap. Risk factors for vascular disease, such as dyslipidemia, systemic arterial hypertension, diabetes mellitus, and hyperhomocysteinemia, have been associated with a higher incidence of low bone mass density (BMD). The increase in serum levels of some cytokines during the atherosclerotic process is involved in the inflammatory etiology of both atherosclerosis and osteoporosis. The bone resorptive potential of monocytes was found to directly correlate with serum IL-1, IL-6, and tumor necrosis factor-α levels in postmenopausal women. In addition, these cytokines stimulate the proliferation and differentiation of osteoclast precursors [59] and are also well known to be directly involved in the severity of atherosclerosis [60] . According to these findings, it is obvious that inflammatory processes induced by these cytokines are the link between osteoporosis and atherosclerosis. Besides, several mechanisms of vascular injury have been proposed for homocysteine, including a reduction in nitric oxide, endothelial dysfunction, and increased platelet aggregation. These factors produce proliferation of vascular smooth muscle cells and osteoclast precursors.
In relation to these common pathophysiological pathways, several previous studies examining the association between arterial stiffness and bone status in Japanese populations have reported conflicting results [61] . Two studies showed an independent correlation between baPWV and low BMD, whereas a third study did not. Mangiafico et al. [62] demonstrated that postmenopausal women with osteoporosis present with an increased augmentation index, central aortic pressures, and a higher carotid-femoral PWV. Epidemiological data suggest that estrogen deficiency is a risk factor for both CVD and osteoporosis [63] . Bone and arteries are target tissues for estrogen. Estrogen receptors have been demonstrated on osteoblasts [64] , osteoclasts [65] , vascular endothelial cells, and smooth muscle cells [66] . HRT in postmenopausal women increases BMD [67] and reduces carotid-femoral PWV [45] . In general, estrogen may be an important factor in the relationship between bone mass and arterial stiffness. However, based on the findings of Sumino et al. [68] , the serum estradiol level is not significantly correlated with BMD or PWV, suggesting that estrogen alone cannot explain the relationship between bone mass and arterial stiffness. Sanada et al. [69] reported that postmenopausal women with osteoporosis have impaired endothelial function in resistance arteries of the forearm, which could be responsible for an increase in serum angiotensin-converting enzyme activity and a decrease in serum concentrations of nitrite/nitrate. These factors may play an important role in the pathogenesis of both osteoporosis and arterial stiffness. Sumino et al. [68] demonstrated that age and baPWV were significantly higher in the group with osteoporosis than in the normal BMD group, and that age was significantly positively correlated with baPWV in the group with osteoporosis but not in the normal BMD group. Furthermore, these authors, by using multivariate regression analysis, demonstrated Values are mean ± SEM. SBP = Systolic blood pressure; DBP = diastolic blood pressure. 
